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Introduction
Waldenström macroglobulinemia (WM) is a distinct clinicopathological entity resulting from the accumulation, predominantly in the bone marrow (BM), of clonally related lymphocytes, lymphoplasmacytic cells, and plasma cells that secrete a monoclonal immunoglobulin M (IgM) protein. 1 This condition is considered to correspond to the lymphoplasmacytic lymphoma (LPL) as defined by the World Health Organization lymphoma classification system. 2 Most cases of LPL are WM, with ,5% of cases made up of immunoglobulin A (IgA), immunoglobulin G (IgG), and nonsecreting LPL.
We recently described the finding of a highly recurrent somatic mutation (MYD88 L265P) in WM patients using whole-genome sequencing (WGS) and subsequently confirmed its presence by Sanger sequencing. 3 Sanger sequencing also identified MYD88 L265P in non-IgM-secreting LPL patients. In total, 91% of LPL patients had the MYD88 L265P mutation in their tumor cells. Importantly, MYD88 L265P was either absent or rarely present in samples from patients with B-cell disorders with overlapping clinicopathological features including myeloma, marginal zone lymphoma, and IgM-secreting monoclonal gammopathy of unknown significance (MGUS). MYD88 L265P presence in tumor cells from 70% to 100% of WM patients has also recently been reported by other groups [4] [5] [6] [7] and has been found in lower frequencies in tumor samples from patients with ABC-type diffuse large B-cell lymphoma (DLBCL; 14%-29%), primary central nervous system lymphoma (33%), mucosa-associated lymphoid tissue lymphoma (9%), and chronic lymphocytic leukemia (CLL; 2.9%) by whole-genome, whole-exome, or Sanger sequencing. [8] [9] [10] [11] MYD88 is an adaptor molecule in Toll-like receptor (TLR) and interleukin-1 receptor (IL-1R) signaling. 12, 13 Following TLR or IL-1R stimulation, MYD88 is recruited to the activated receptor complex as a homodimer, which then complexes with interleukin-1 receptorassociated kinase (IRAK) 4 and activates IRAK1 and IRAK2. 14, 15 Submitted September 3, 2012; accepted December 30, 2012. Prepublished online as Blood First Edition paper, January 15, 2013; DOI 10.1182/blood-2012-09-454355.
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The publisher or recipient acknowledges right of the US government to retain a nonexclusive, royalty-free license in and to any copyright covering the article. BLOOD, 14 MARCH 2013 x VOLUME 121, NUMBER 11 2051 For personal use only. at Harvard Libraries on March 26, 2013. bloodjournal.hematologylibrary.org From Tumor necrosis factor receptor-associated factor 6 is then activated by IRAK1, leading to nuclear factor kB (NF-kB) activation via IkBa phosphorylation. 16 Inhibition of MYD88 signaling in L265Pmutated WM cells blocks IkBa and NF-kB p65 phosphorylation and nuclear translocation of p65-NF-kB. 3 Both IRAK1 and Bruton tyrosine kinase facilitate NF-kB activation in response to MYD88 in L265P-mutated WM cells, and NF-kB is essential for growth and survival of WM cells. [17] [18] [19] As part of these efforts, we sought to develop reliable PCRbased assay systems for detection and quantification of MYD88 L265P mutation for use in WM/LPL patients and to look for the presence of MYD88 L265P in IgM MGUS patients using more sensitive detection assays. We also examined the use of real-time AS-PCR assays for MYD88 L265P for response assessment in WM patients undergoing therapy. The findings of these studies are reported herein. 1 Their participation was approved by the Institutional Review Board at the Dana-Farber Cancer Institute. Patients provided written consent in accordance with the Declaration of Helsinki using consent forms approved by each participating institution's review board. BM mononuclear cells were sorted using magnetic beads as described previously (Miltenyi, Auburn, CA). 3 CD19 1 -selected cells from BM aspirates of WM and MGUS patients, CD5 1 CD19 1 -selected cells from peripheral blood (PB) of CLL patients, CD19 1 -selected cells from tumor-involved BM or PB of splenic MZL patients, CD138 1 -selected cells from BM aspirates of MM patients (including 3 with IgM-secreting disease), as well as CD19 1 -selected cells from PB (n 5 30) or BM (n 5 10) of healthy donors were used for AS-PCR assays. DNA was extracted using Allprep DNA/RNA mini kit (QIAGEN, Valencia, CA). BCWM.1 (from our laboratory) and MWCL-1 cells (kindly provided by Dr Steve Ansell, Mayo Clinic, Rochester, MN) are WM cell lines that are heterozygous for MYD88 L265P whereas OCI-LY3 (homozygous for MYD88 L265P) and OCI-LY19 (wild-type for MYD88) are DLBCL cell lines kindly provided by Dr Mark Minden (University Health Network, Toronto, Canada). 3, 4, 16, 17 These cell lines were used for AS-PCR assay determination for MYD88 L265P.
Materials and methods

Patients and sample collection
Development of a conventional AS-PCR assay for MYD88 L265P assessment
Two reverse primers were designed to differentiate the mutant and wild-type allele of MYD88 L265P. To optimize the specificity, an internal mismatch in the third position from the 39-end was introduced. The mutant-specific reverse primer was 59-CCT TGT ACT TGA TGG GGA aCG-39 and the wild-type-specific reverse primer was 59-GCC TTG TAC TTG ATG GGG AaC A-39. The common forward primer was 59-AAT GTG TGC CAG GGG TAC TTA G-39. PCR reaction was performed in a final volume of 25 mL with 50 nM of each primer and 50 ng DNA using PCR SuperMix High Fidelity (Life Technologies, Grand Island, NY). Thermal cycling conditions were: 2 minutes at 94°C, followed by 40 cycles of 94°C for 30 seconds, 57°C for 30 seconds, and 68°C for 30 seconds, with a final extension at 68°C for 5 minutes. The amplified PCR products (159 bp) were separated on 2% agarose gel. To confirm the sequence, PCR products were purified by QIA quick gel extraction kit (QIAGEN) and sequenced using both forward and reverse PCR primers.
Development of a real-time AS-PCR assay for MYD88 L265P assessment
Quantitative detection of the MYD88 L265P mutation was developed using the primers described above and Power SYBR Green PCR Master Mix according to the manufacturer's instructions on the ABI Prism 7500 Sequence Detection System (Applied Biosystems, Foster City, CA). Briefly, PCR reaction was performed in a final volume of 25 mL with 25 nM of each primer and 50 ng DNA. Thermal cycling conditions were: 10 minutes at 95°C, followed by 40 cycles of 95°C for 15 seconds and 60°C for 60 seconds. Each sample was assayed in triplicate. The standard curve for MYD88 L265P was generated by a serial dilution of the mutant DNA with the wild-type DNA (50%, 10%, 2%, 0.4%, 0.08%, and wild-type). For the corresponding reference PCR, the forward primer is same as the one used for the AS-PCR (59-AAT GTG TGC CAG GGG TAC TTA G-39) and the reverse primer is located at 53 bp downstream of the AS-PCR primer (59-TGG TGT AGT CGC AGA CAG TGA-39). Levels of the mutant MYD88 L265P in patient samples were calculated based on the value of delta C T (DC T ) and the standard curve.
Confirmatory Sanger sequencing
To confirm AS-PCR results, Sanger sequencing was used as previously reported. 3 The forward PCR primer 59-GGG ATA TGC TGA ACT AAG TTG CCA C-39 and reverse PCR primer 59-GAC GTG TCT GTG AAG TTG GCA TCT C-39 were designed to amplify a 726-bp fragment covering the MYD88 L265P site. Amplified PCR products were isolated by QIA quick gel extraction kit (QIAGEN) and sequenced using the reverse PCR primer and a sequencing primer 59-GCT GTT GTT AAC CCT GGG GTT GAA G-39.
Statistical analysis
Statistical analysis was conducted using R (R Foundation for Statistical Computing, Vienna, Austria). Clinical correlations with MYD88 L265P mutational status were assessed using analysis of covariance (ANCOVA). Categorical associations were evaluated using Fisher's exact test. Correlation of DC T and BM response was assessed using Pearson's product-moment correlation. All other comparisons were assessed using the Mann-Whitney U test.
Results
Conventional AS-PCR assay for MYD88 L265P
The somatic mutation L265P in the MYD88 gene is detectable in BM-isolated CD19 1 -selected samples by either WGS or Sanger sequencing in 90% of WM patients. 3 Both techniques can be time consuming and costly and require ample quantities of DNA as well as tumor cell presence for detection. For more sensitive and efficient detection of MYD88 L265P, we sought to develop conventional and real-time AS-PCR assays that can be easily implemented in most clinical laboratories with conventional PCR technology. As shown in Figure 1 , the AS primers are located in exon 5 whereas the common forward primer is located in intron 4. To enhance the specificity in the AS-PCR reaction, an additional mismatch (T.A) was introduced at the third position from the 39 end of the AS primers. Sensitivity of the AS-PCR assay was assessed by serial dilution of DNA isolated from the DLBCL cell line OCI-LY3, which is homozygous for MYD88 L265P, with the DNA from DLBCL cell line OCI-LY19, which is wild-type MYD88. The MYD88 L265P status of these cell lines was previously confirmed by Sanger sequencing. 4 Sensitivity assessments demonstrated that MYD88 L265P was detectable to a dilution of 0.1% (Figure 1 ). Reproducibility studies showed complete precision (100% agreement) among replicate aliquots, both within (intraassay) and between (intraassay) runs, in tumor DNA diluted to 0.1% concentration.
We next examined the use of the conventional AS-PCR MYD88 L265P assay in BM samples from 104 untreated WM patients. A total of 97 of 104 (93%) patients were positive for MYD88 L265P by this technique, with representative patients shown in Figure 2 . To confirm these findings, the entire cohort was sequenced by Sanger sequencing at the MYD88 L265P position. Among the 97 patients positive for MYD88 L265P by the conventional AS-PCR assay, MYD88 L265P was detected in 93 patients by Sanger sequencing; for the 4 patients who were negative by Sanger sequencing, examination of the agarose gels used for conventional PCR testing showed a weak mutational signal. By contrast, all patients negative for MYD88 L265P by AS-PCR remained negative by Sanger sequencing. In addition, we assessed samples from healthy donors (HD) as well as patients with other B-cell disorders for the presence of MYD88 L265P by AS-PCR. MYD88 L265P was present in sorted CD19 + cells from 0/40 (0%) HD, 0/9 (0%) non-IgM MGUS, 13/24 (54%) IgM MGUS, 1/26 (4%) CLL, 2/20 (10%) MZL patients, and CD138 1 cells from 0 of 14 MM patients (P , 1.5 3 10 25 for WM vs other cohorts; P 5 .005 for IgM MGUS vs IgG MGUS patients). Conventional AS-PCR demonstrated the expression of MYD88 L265P in OCI-Ly3, BCMW.1, and MWCL-1 but not OCI-Ly19 cells (Figure 2 ), consistent with previous Sanger sequencing results. 3, 4 Precision studies performed on 3 positive and 3 negative patient samples showed complete reproducibility among replicate aliquots, both within and between runs.
Quantitative detection of MYD88 L265P mutation
We next developed a SYBR green-based real-time AS-PCR to quantify MYD88 L265P allele burden. Given the high frequency of the MYD88 L265P mutation in WM, quantitative assessment of MYD88 L265P has potential to be developed as a robust biomarker for monitoring disease progression and response to treatment. Sensitivity and specificity of the real-time AS-PCR was determined by a serial dilution of the mutant DNA with the wild-type DNA as before. C T values were recorded for mutant-specific and reference PCR and the corresponding DC T values were calculated. As shown in Figure 3 , this real-time AS-PCR can detect the MYD88 L265P mutation at a dilution of 0.08% with more than 2 cycle differences from the wild-type DNA background. Correlation coefficient of the standard curve was 0.998 with a slope value of 23.5 (Figure 3 ). The melting curve analysis revealed that the MYD88 L265P mutantspecific amplicon melted at 84°C (Figure 3) . A minor nonspecific amplification was only found in the dilution of 0.4% or lower with a melting peak at 80°C. Precision studies performed on 12 replicates of tumor/normal DNA, on 5 separate assay runs, demonstrated high precision, both within and between runs. Interassay percent coefficients of variation (CV) for samples with 50% mutant DNA were 0.56% for mutant C T , 0.74% for wild-type C T , 7.53% for DC T. Samples with 2% mutant DNA performed equally well, with interassay CVs of 0.96% (mutant C T ), 0.79% (wild type C T ), and 4.18% (DC T ). Intraassay CVs for DC T were 5.75% (50% mutant DNA) and 1.90% (2% mutant DNA).
To gain further insight into the performance of the real-time assay, all samples analyzed by the conventional AS-PCR and Sanger sequencing were reanalyzed by the real-time AS-PCR assay. The quantitative AS-PCR results for these individuals are shown in Figure 4 . Healthy donors displayed a median DC T value of 14.1 (range 10.7-16.9 cycles), whereas WM patients had a median DC T value of 1.9 (range 20.2 to 15 cycles; P 5 2.2 3 10 216 vs healthy donors). There were 2 major clusters of WM patients separated by 3.1 cycles. A cluster of 7 WM patients had a median DC T value of 13.8 (range 9.6-15 cycles), which was similar to that observed in healthy donors, and were negative for the MYD88 L265P mutation by Sanger sequencing. Conversely, a cluster of 97 patients had DC T values with a median of 1.9 (range 20.2 to 5.9 cycles) and were deemed to be positive for the MYD88 L265P mutation. The results obtained in these studies showed complete concordance with those obtained using the conventional AS-PCR assay described above.
Predictive value for detection of MYD88 L265P by either conventional or real-time PCR
The sensitivity and specificity for MYD88 L265P detection by either conventional or real-time PCR in WM patient samples was 100% and For personal use only. at Harvard Libraries on March 26, 2013. bloodjournal.hematologylibrary.org From 92.1%, respectively. The positive predictive and negative predictive values for either PCR based assay were 95.9% and 100%, respectively.
Determination of MYD88 L265P in IgM MGUS patients
IgM MGUS most commonly evolves to WM upon progression, though the progression rate for evolution is estimated at 2% to 2.5% per year. In our previous studies using Sanger sequencing, 2 of 22 (10%) IgM MGUS patients were determined to carry the MYD88 L265P mutation, including 1 patient who progressed to WM. Because the presence of clonal B cells is often very low in IgM MGUS patients, the use of more sensitive assays to determine MYD88 L265P could have both pathogenic and prognostic implications. Using BM-isolated CD19 1 cells samples from 24 individuals with IgM MGUS, 13 (54%) were MYD88 L265P positive by either PCR assay. The quantitative AS-PCR results for these patients are shown in Figure 4 . The median DC T value for all 24 IgM MGUS patients was 7.1 (range 1.6-13.3 cycles). For the 13 patients who were deemed to have the MYD88 L265P mutation, the median DC T value was 6.3 (range 1.6-7.3 cycles). Three of these patients, all with low DC T values (1.63, 2.85, 2.89), subsequently progressed to WM. These patients were also positive for MYD88 L265P by Sanger sequencing. For the 11 patients who were deemed to be negative for the MYD88 L265P mutation, the median DC T value was 11.8 (range 9.7-13.3 cycles, P 5 3.9 3 10 25 vs MYD88 L265P patients). All IgM MGUS patients with the exception of the 3 patients with the low DC T values who progressed to WM were negative by Sanger sequencing. For 9 of these patients, sufficient DNA was available to determine presence of clonal immunoglobulin H (IgH) rearrangements. In support that sufficient clonal B cells were likely present in most samples for this analysis, 6 of these 9 (67%) patients demonstrated clonal IgH rearrangements. There was no correlation between the expression of MYD88 L265P and presence of clonal B cells by either flow cytometric analysis or an IgH rearrangement assay (data not shown), the latter of which has a lower limit of detection 2 orders of magnitude less sensitive than the AS-PCR assays described herein. 18 
Determination of MYD88 L265P in other B-cell lymphoproliferative disorders
To further evaluate the performance of the quantitative AS-PCR MYD88 L265P detection assay, DC T levels were determined for the same samples used in conventional AS-PCR evaluations for patients with other B-cell lymphoproliferative disorders. These studies were in complete concordance with results obtained by the quantitative AS-PCR assay and those obtained with the conventional AS-PCR assay. The quantitative AS-PCR results for these patients are shown in Figure 4 . The median DC T for MYD88 L265P presence was 14.2 (range 11.7-16 cycles) for the 9 IgG MGUS patients who were negative, 15.9 (range 10.2-17.6 cycles) for the 14 MM patients who were negative, 
Correlation between MYD88 L265P status and clinical characteristics
We next sought to evaluate any differences in clinical characteristics between WM patients based on the presence of the MYD88 L265P mutation by AS-PCR. ANCOVA analysis revealed that the MYD88 L265P-positive patients demonstrated greater median BM disease involvement (60% vs 15%, P 5 .01) and higher serum IgM levels (3010 vs 1130 mg/dL, P 5 .05). The median IgA (49 vs 155 mg/dL, P 5 .002) and IgG levels (665 vs 967 mg/dL, P 5 .46) were lower in MYD88 L265P mutated patients. Correspondingly, more MYD88 L265P patients had IgA (55/97 [57%] vs 0/7 [0%], P 5 .004) and IgG (49/97 [51%] vs 3/7 [42%], P 5 1.0) hypogammaglobulinemia.
Response assessment by real-time MYD88 L265P AS-PCR
To explore the potential of using real-time AS-PCR for MYD88 L265P in response assessment, we examined concordance between readouts of BM involvement by histologic examination and the levels of mutant MYD88 L265P by real-time AS-PCR for 7 patients following therapy. The results of this analysis are summarized in Table 1 . There was a strong correlation between the percentage changes of BM involvement and levels of MYD88 L265P determined by real-time AS-PCR (r 5 0.89, P 5 .008), and this correlation was independent of treatment received in this small sample set. In one patient (A), the attainment of a complete response (ie, normalization of serum IgM level, no IgM monoclonal protein by serum protein electrophoresis and immunofixation, and undetectable BM disease involvement) was accompanied by undetectable MYD88 L265P levels by real time AS-PCR testing.
Discussion
The recent identification of MYD88 L265P as a highly recurrent somatic mutation in WM by WGS and Sanger sequencing prompted us to develop AS-PCR assays that could be used for both the detection and quantification of MYD88 L265P. PCRbased assays are expedient and require less DNA than WGS or Sanger sequencing. In addition, materials and time consumption are less for PCR-based testing, making such assay systems less expensive to run. The presence of MYD88 L265P could help discern diseases that overlap with WM, such as MZL and IgM- secreting myeloma, and may also provide insight into treatment management in the future with the development of MYD88 pathway inhibitors. In addition, a real-time-based assay for MYD88 L265P could help clarify disease response to treatment and also assess disease progression or relapse. We therefore sought the development and validation of conventional and realtime AS-PCR assays that could detect and quantitatively assess MYD88 L265P.
In this study, we report the development of 2 assays suitable for use in detection and quantitative assessment of MYD88 L265P, both of which were capable of detecting MYD88 L265P at a lower limit of 0.1%, thus providing a resolution level much lower than typically appreciated by routine BM pathological studies. Important in this regard, AS-PCR testing detected the presence of MYD88 L265P in 54% of IgM MGUS patients, much higher than the 10% detection frequency reported by us with Sanger sequencing. The detection rate for MYD88 L265P by Sanger sequencing in this series of IgM MGUS patients was also similar, with 3 of 24 positive patients (12.5%). These 3 IgM MGUS patients also had the lowest DC T values for MYD88 L265P detection by quantitative AS-PCR, which were in the range of DC T values observed for WM patients. All 3 of these IgM MGUS patients subsequently progressed to WM. Because IgM MGUS evolves to WM in most but not all cases upon progression, [19] [20] [21] a longitudinal study to help clarify if the detection and/or levels of the MYD88 L265P mutation predict ultimate WM evolution will be of interest. These studies can be facilitated by the use of more sensitive AS-PCR testing for MYD88 L265P such as the ones described herein. The finding of MYD88 L265P in IgM MGUS patients is also of interest because its presence may constitute a "driver mutation," one that might give the early WM clone a competitive growth advantage, and potentially predispose the expanding clone to other mutation(s) leading to symptomatic WM. Following MYD88 L265P, the next most common somatic mutations revealed by WGS in WM patients are those in CXCR4 (27%), ARID1A (17%), MUC16 (13%), TRAF2 (10%), and TRRAP (10%). 3, 22 The positioning of these mutations, as well as other mutations that may not yet be revealed in the context of IgM MGUS and WM, may help clarify which additional "hits," if any, are needed for symptomatic WM progression.
In this population of WM patients who were unselected for any baseline characteristics, both the conventional and real-time AS-PCR assays detected MYD88 L265P in 93% of 104 WM patients and none of the 40 healthy donors examined. Results were confirmed by Sanger sequencing and demonstrated that the sensitivity and specificity for these assays was 100% and 92.1%, and positive and negative predictive values were 95.9% and 100%, respectively. These levels of detection are in line with those commonly used in molecular clinical diagnostic assays. The presence of MYD88 L265P using either conventional or real-time AS-PCR in WM patients was also associated with higher BM disease involvement (P 5 .01), serum IgM levels (P 5 .05), as well as subnormal IgA (P 5 .004) levels. The detection of MYD88 L265P may therefore help stratify those WM patients with high-vs low-risk disease. Due to small number of MYD88 L265P-negative patients present in this study, these observations will need to be confirmed in a larger cohort of WM patients.
The use of AS-PCR assays to delineate heterozygous vs homozygous MYD88 L265P presence may not always be possible. The patient depicted in Figure 1D demonstrated an acquired UPD at 3p22.2 by WGS establishing homozygous expression for MYD88 L265P. 3 In this patient, the MYD88 L265P allele frequency was significantly greater than 50%, thereby supporting homozygous expression in at least a subset of the tumor population. In patients with lower levels of MYD88 L265P presence, such discrimination may not be possible due to contamination of samples with normal B cells.
The detection of MYD88 by AS-PCR L265P is also significant given interest for the development of targeted therapeutics for pathways activated by this mutation, including inhibitors blocking MYD88 homodimerization, MYD88-IRAK interactions, IRAK1 and/or IRAK4, as well as BTK activation. The detection of MYD88 L265P by AS-PCR may therefore help identify those patients who are more suitable for treatments targeting MYD88 L265P signaling. Additionally, the feasibility of using real-time PCR for the quantitative assessment of disease burden was also demonstrated in these studies in patients who underwent chemotherapy for symptomatic WM. A high rate of concordance between MYD88 L265P DC T and BM disease involvement was observed in these studies. The value of using real-time PCR for MYD88 L265P in response assessment will need to be validated against a large series of treated WM patients, and ideally across multiple therapeutic regimens.
Quantitative assessment of MYD88 L265P at baseline may also help clarify the prognostic value for attainment of a molecular complete response. Deeper categorical response attainment, particularly the attainment of very good partial response or complete response, is associated with longer progression-free survival in WM patients undergoing rituximab-based therapy. 23 Improved progressionfree survival in association with attainment of a molecular response has been described in multiple studies in patients with follicular lymphoma in which there is a disease-related genetic marker (BCL2/ IgH fusion transcript), as well as for myeloma using tumor-related IgH rearrangements for quantitative PCR analysis. [24] [25] [26] [27] [28] [29] [30] Quantitative PCR analysis of BM cells for BCL2/IgH at baseline also served as a prognostic indicator for response and disease control, 24 and a similar study using AS-PCR for MYD88 L265P could also help establish its worthiness as a prognostic marker for WM.
In conclusion, MYD88 L265P is detectable in most patients with WM and in half of patients with IgM MGUS by use of conventional and real time real-time AS-PCR assays. The finding of this mutation in many IgM MGUS patients suggests that MYD88 L265P may be an early oncogenic event in WM pathogenesis. The detection of MYD88 L265P in WM and IgM MGUS by AS-PCR assays may aid in distinguishing these entities from overlapping B-cell disorders. In addition, real-time AS-PCR may help identify those patients with IgM MGUS likely to progress to WM and may also permit quantitative assessment of disease burden in WM patients undergoing chemotherapy. These studies provide molecular tools and a framework for the investigation of MYD88 L265P in the diagnosis and management of WM, IgM MGUS, and possibly other B-cell disorders in which MYD88 L265P is present.
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